We report Raman spectroscopic results of four density-separated fractions of a floating fraction (material similar to HF-HCl residues enriched in heavy noble gases) of the Allende meteorite. The Raman analyses were performed at two laser powers of 0.5 mW and 2-6 mW with the excitation wavelength of 532 nm. The typical Raman spectra of carbon were observed for all the samples, but these carbonaceous materials were very sensitive to the laser power at the analysis. The Raman parameters except for the intensity ratio of D band and G band are similar in all the fractions at the low laser power, but they changed at the high laser power in a different manner, probably due to the different degree of laserinduced heating. Our findings are that phase Q (the carrier of noble gas of the normal isotopic composition in meteorites) is enriched in the graphitic carbon having larger domain size compared to the major carbon in Allende and that this carbon is most affected by the laser heating.
types of meteorites and determined the composition of Q gases (or the P1 component) from the differences of noble gas compositions of these residues. Wieler et al. (1991 Wieler et al. ( , 1992 and Busemann et al. (2000) directly analyzed the elemental and isotopic compositions of Q gases by the closed system etching technique where noble gases released from the etched surface were measured. These studies have demonstrated that phase Q is present in various compositional types of carbonaceous and ordinary chondrites (Huss et al., 1996; Busemann et al., 2000) .
Stepped combustion experiments of HF-HCl residues from seven chondrites indicate that Q is a very minor carbon phase that is different from the majority of carbon (Verchovsky et al., 2002) . Marrocchi et al. (2005) presented that an HF-HCl residue from the Orgueil meteorite treated with pyridine partially lost Q-gases released in 900 and 1300°C fractions. They interpreted that there were more than one type of Q and that organic Q was lost by the pyridine treatment. However, it is not yet certain whether or not one type of phase Q is organic because the release temperatures of noble gases from "organic Q" inferred their experiment are too high for decomposition of organic matter. Furthermore, Busemann et al. (2008) did not observe a significant difference in noble gas concentrations between untreated and pyridine-treated residues in primitive meteorites; Bells (CM2), EET 92042 (CR2), GRO 95577 (CR1) and Murchison (CM2), concluding that the phase Q was not attacked by pyridine. A complexity of a make-up of carbonaceous material in
INTRODUCTION
Noble gas study of extra-terrestrial materials played an important role in cosmochemistry. Noble gases are chemically inert and are affected very little by chemical processes. Lewis et al. (1975) reported that planetary noble gases that were highly enriched in the heavy noble gases were carried in an HF-HCl treated residue from the Allende meteorite. When the HF-HCl residue was further treated with an oxidant, most of the heavy noble gases were lost with little weight loss, indicating that the minor phase (0.02-0.04% of bulk Allende) that was destroyed by the oxidant contained most of the heavy noble gases. Lewis et al. (1975) named this noble gas carrier "Q" for quintessence. Noble gases in phase Q are characterized by the elemental abundance that is highly enriched in Ar, Kr and Xe with close-to-normal isotopic ratios. Subsequent studies showed that Q is most likely carbonaceous material (Ott et al., 1981) . However, the isolation of phase Q has not been achieved and the exact nature of Q remains unknown.
Although phase Q is not yet identified, the isotopic and the elemental abundances of the Q gases are well determined. Huss et al. (1996) prepared HF-HCl residues and further oxidized residues of various compositional meteorites makes it hard to isolate this very small amount of carbonaceous matter Q from the rest.
To better characterize phase Q, we analyzed Q-rich carbonaceous fractions physically extracted from the Allende meteorite with Raman spectroscopy that is particularly effective to examine the crystallinity of carbonaceous matter. Matsuda et al. (1999) found that black material that floated on the water surface ("floating fraction") during the freeze-thaw method had the similar noble gas composition (in its elemental abundance and isotopic compositions except for the 129 Xe/ 132 Xe ratio that was higher in chemical residues due to readsorption at the chemical dissolution procedure) as that of the HF-HCl residue. Amari et al. (2003) applied the colloidal and density separation to the "floating fraction" C1-8 and obtained nine fractions with a range of densities from 1.1 to >2.3 g/cm 3 . For the Raman spectroscopic measurement, we selected four out of these nine density separated fractions; C1-8D (1.65 ± 0.04 g/cm 3 ), C1-8G (1.97 ± 0.06 g/cm 3 ), C1-8K (2.2-2.3 g/cm 3 ) and C1-8J (1.1-1.6 g/cm 3 ). Each of the latter three fractions contains only 5% to 6% of Xe-Q in C1-8, respectively. Fraction C1-8D has the highest noble gas concentrations, containing about a half of Xe-Q in C1-8 (Amari et al., 2003) . The observation by the scanning electron microscope showed that grain sizes of C1-8D range from a little less than 1 to 4 µm, and that many grains are aggregates of smaller grains forming a flowerlike shape (see figure 6 in Amari et al. (2003) ). Energy dispersive X-ray spectra show that 51 out of 52 grains are carbonaceous and that one grain was Cr-Fe oxide (Amari et al., 2003) . These fractions were prepared purely by physical method (ultrasonic vibration in the water) and there should be no chemical effect on the carbon in meteorite although chemical treatments may give some effect on the carbon structure.
SAMPLE PREPARATION AND EXPERIMENTS
Raman spectra were collected with the Raman microscope (Kaiser HoloLab 5000 of Kaiser Optical Systems Inc.) using 532 nm YAG laser (2-6 mW at the sample surface), holographic transmission grating, and chargecoupled-device (CCD) detector at Tokyo Medical and Dental University. The spectral resolution in the present system is approximately 4.8 cm -1 . We obtained the Raman spectrum for the spot with ten accumulations of 30 seconds each. The laser size was about 2 µm in diameter. After these first measurements, we noticed that the YAG laser power had large effects on all the Raman parameters, which will be discussed in the next section. Thus we lowered the laser power to 0.5 mW in the subsequent analyses. The data accumulation time and the laser size remained the same in all the analyses.
RESULTS
Typical Raman spectra of graphitic carbon (G band around 1580 cm -1 and D band around 1350 cm -1 ) were obtained in all our samples. Figure 1 shows the spectra obtained at the 532 nm-laser power of 2-6 mW. The highest density fraction C1-8K (2.2-2.3 g/cm 3 ) has the G and D bands of graphite in five spots. However, two spots show no peak at these bands but have Raman peaks at low wavenumbers (the fourth and the fifth data from the top in Fig. 1d ), indicating the presence of silicate at the highest density fraction of the floating fraction. The other fractions show only G and D bands of graphite. The G and D bands are commonly observed in carbonaceous material in carbonaceous chondrites (Bonal et al., 2006 (Bonal et al., , 2007 Busemann et al., 2007; Arnold et al., 2008) .
The G band is assigned to the fundamental E 2g vibration mode of the aromatic plane of graphite, and this band alone is observed in perfectly crystallized graphite. The origin of the D band (D for defect) of graphite is not well understood, but it is argued that the D band is related with structural defects. The D band is observed in all other graphitic carbon such as activated charcoal, carbon black and vitreous carbon.
Spectral parameters to characterize various forms of carbon are peak positions (ω G and ω D ), intensities (I G and I D ) and FWHM (full-width at half-maximum; FWHM G and FWHM D ) of G and D bands. Among these parameters, the intensity ratio of I D /I G is used to estimate the crystallite size of graphite that is the parameter of maturity of graphite crystal (e.g., Larsen and Nielsen, 2006) . The peak positions and FWHM are used to estimate the degree of disordering etc. Obtained spectra were corrected from the fluorescence background by subtracting a linear baseline in about a 1200-1800 cm -1 range where Raman peaks of carbon were observed, and were fitted with two Lorentzian profile curves. The peak position, intensity and FWHM of G and D bands were obtained from these fitting curves.
DISCUSSION
We examined several parameter combinations to constrain the properties of the carbonaceous material enriched in Q (Fig. 2) . It is noted that there is no large difference in all the parameters except for the I D /I G ratio when we used the low 532 nm-laser power of 0.5 mW (closed symbols in Fig. 2) . The I D /I G ratios of C1-8D are lower than those of the other fractions and fall in a different position (Figs. 2c, 2d, 2f and 2g) . FWHM G values of C1-8D show the widest variation among the fractions, but they lie in a similar region (Figs. 2b and 2h) .
In the meanwhile, all these data parameters fall in different regions when we used the high laser power of 2-6 
) and (d) C1-8K (2.2-2.3 g/cm
3 ) separated from the Allende "floating fraction" C1-8 (Amari et al., 2003) . These spectra were obtained at the high laser power of 2-6 mW. "G" and "D" show the positions of G band and D band, respectively. Fig. 2) . It is reported that laserinduced heating gives considerable down-shift of ω G in Raman spectra (Kagi et al., 1994) . This is due to the expansion of bond length resulting from an unharmonic effect at high temperatures. We speculate that laser-induced heating had effects not only on ω G but also on all other parameters such as ω D , intensities and FWHM. These parameters of the different density fractions shifted when the high laser power was used. This is due to the different heating effect for different density fractions. Kagi et al. (1994) also reported that degrees of down-shift of ω D are very much different for the natural and the artificial graphite.
Fig. 2. (a) ω D vs. ω G , (b) FWHM G vs. ω G , (c) I D /I G vs. ω G , (d) I D /I G vs. FWHM G (e) FWHM D vs. ω D , (f) I D /I G vs. ω D , (g) I D /I G vs. FWHM D , and (h) FWHM D vs. FWHM G of the density-separated fractions from Allende "floating fraction" C1-8. Half of Xe-Q in the parent floating fraction C1-8 is in C1-
At the high laser power (2-6 mW) measurement, ω G decreased while FWHM G increased (Figs. 2a and 2b) . FWHM G has a good negative correlation with ω G (Fig. (e) (f) (g) (h) Fig. 2. (continued) 2b). Meanwhile, ω D of C1-8D increased but that of the other fractions does not seem to change (or that of C1-8K rather decreased) as seen in Figs. 2e and 2f , and FWHM D increased in all fractions (Fig. 2e) . There is no systematic change of ω G , ω D , FWHM G , FWHM D , and I D / I G with increasing sample density for our samples in the analysis using the high laser power. The parameter ω D is inversely correlated with ω G and the data points from the different fractions cluster each other (Fig. 2a) . It is interesting that the fraction mostly enriched in Q (C1-8D) is characterized by the lowest ω G (1575 cm -1 to 1585 cm -1 ) and the highest ω D (1345 cm -1 to 1360 cm -1 ) (Fig. 2a) . It is also interesting that only C1-8D has the I D /I G ratios lower than 1 (0.8 to 1), while all other fractions have I D / I G ratios higher than 1 at the high laser power experiment (Figs. 2c, 2d, 2f and 2g) . Bonal et al. (2006) suggested that the I D /I G ratio could be used to estimate the maturity of organic matter in the matrix of CV3 chondrites and could be a metamorphic tracer. They used the 514.5 nm-laser with the power of about 0.5 mW. They obtained an I D /I G ratio of 1.54 ± 0.06 for Allende and suggested that Allende is one of the most metamorphosed meteorites among CV3 chondrites they examined (Bonal et al., 2006) . Our obtained I D /I G ratios range from 1.2 to 1.6 with an average value of 1.47 ± 0.14 for 60 spots of all the density-separated fractions at the experiment with the laser power of 0.5 mW. Our average value agrees with the result of Bonal et al. (2006) within the error although the variation is larger. The I D / I G ratios vary in a wider range from 0.8 to 1.6 (Fig. 2c ) at our experiment with the high laser power of 2-6 mW. Interestingly, this range of I D /I G ratios in the carbonaceous components from Allende is in agreement with the entire range of I D /I G ratios of different bulk CV3 meteorites (0.8 to 1.7) observed by Bonal et al. (2006) . Meanwhile, the wide variations of these parameters for carbonaceous components from Allende are also observed in Busemann et al. (2007) where they used 532 nm-laser with the very low laser power of about 0.055 mW. Busemann et al. (2007) analyzed nearly 3,000 points of IOM (insoluble organic matter) of Allende and reported the several average values of I D /I G ratios (1.37 ± 0.11, 1.47 ± 0.13, 1.53 ± 0.12 and 1.65 ± 0.12) for the different IOM (HF/HCl residue and CaF residue) and the different measurement period. These average values are in good agreement with our result including their large variations.
The I D /I G ratios are plotted against FWHM D (Fig. 2g) , where I D /I G ratios at the high laser power experiment increase with decreasing FWHM D . Figure 6 in Busemann et al. (2007) , a plot with these two parameters for many primitive chondrites, shows that I D /I G ratios increase with decreasing FWHM D upon thermal alteration as shown in Bonal et al. (2006 Bonal et al. ( , 2007 , but ultimately decrease sharply with decreasing FWHM D . They interpreted this trend as the transition from disordered amorphous C through "nanocrystalline graphite" to graphite. Data for Allende have the highest I D /I G ratios. Our data of the experiment with the high laser power for the density-separated fractions show almost the same ranges of I D /I G ratios and FWHM D as those in all meteoritic IOM (insoluble organic matter) studied in Busemann et al. (2007) . The data points of C1-8D that is mostly enriched in Q at the high laser power fall in the similar region of those of the most primitive chondrites (Busemann et al., 2007) .
The crystallite size L a (graphite domain dimension; Å) and the I D /I G ratio has the following relation (Tuistra and Koening, 1970) .
where λ L is the wavelength of the excitation laser and C L (λ L ) is a factor depending on the excitation laser wavelength that can be expressed as follows. Dresselhaus et al. (2000) gave the values of C 0 = -126 Å and C 1 = 0.033 for the VIS region 400 nm < λ L < 700 nm.
The relationship of Tuistra and Koening (1970) was obtained from the experiment with the laser power of 300 mW. The Raman parameters in our samples are very sensitive to the laser power. The obtained I D /I G ratio of the most Q-enriched fraction (C1-8D) is from 1.2 to 1.4 for the experiment of the laser power of 0.5 mW but from 0.8 to 1.0 for the 2-6 mW experiments. The calculated La of phase Q is 35 to 40 Å for the former case and 50 to 60 Å for the latter, respectively. Since the carbonaceous matter was more affected by heating in the experiment with the high laser power than that with the low laser power, we conclude that the data value at the experiments with the low laser power is more reliable. However, there seem many uncertainties in deducing the crystallite size of the graphite because laser power effect is not well understood. We simply say that the carbon containing Q seems to have large crystallite size compared to the major carbon in Allende.
CONCLUSION
There was no large difference of Raman parameters except the I D /I G ratio between density fractions at the experiment of the low laser power of 0.5 mW. The low I D /I G ratio of C1-8D (Q-rich fraction) indicates that phase Q is enriched in the graphitic material with larger domain dimension compared to the major graphitic material of Allende. Another feature is that C1-8D is mostly sensitive for the laser power of Raman analyses; the highest down-shift of ω G and the highest up-shift of ω D with the highest FWHM G and FWHM D for the high laser power of 2-6 mW.
